The relations between membrane cholesterol content, basal (unstimulated) transmembrane 45Ca2' movements, cytosolic calcium levels, and membrane fluidity were investigated in cultured rabbit aortic smooth muscle cells (SMCs) and isolated SMC plasma membrane microsomes. SMCs were enriched with unesterified (free) cholesterol (FC) for 18-24 hours with medium containing human low density lipoprotein and FC-rich phospholipid (PL) liposomes. This procedure increased cholesterol mass without affecting PL mass, resulting in an increase in the FC/PL molar ratio compared with controls in cells (67% FC increase, p<0.001; 43% FC/PL ratio increase,p <0.01) and in SMC microsomes (52% FC increase,p <0.05; 43% FC/PL ratio increase, p<0.05). Cholesterol enrichment also increased unstimulated 45Ca2' influx (p<0.001) and efflux (p<0.05). Cellular cholesterol content correlated in a linear fashion with these changes (influx: r=0.722,p<0.01; efflux: r=0.951,p<0.05). In addition, cytosolic calcium levels increased -34% (p<0.01) with cholesterol enrichment. The cholesterol-induced increase in 45Ca21 influx was reversible with time and demonstrated sensitivity to the channel blockers. Fluorescence anisotropy measured from 5°C to 40°C using the fluorophore diphenylhexatriene showed decreased membrane fluidity in microsomal membranes obtained from cholesterol-enriched SMCs compared with controls (p<0.02). These results suggest that the SMC plasma membrane is very sensitive to cholesterol enrichment with liposomes or human low density lipoprotein and that increases in membrane cholesterol content increase cytosolic calcium levels in SMCs, are associated with a decrease in membrane fluidity, and unmask a new, or otherwise silent, dihydropyridine-sensitive calcium channel that may be involved in altered arterial wall properties with serum hypercholesterolemia. (Circuklaion Research 1991;69:216-227) F ree (unesterified) cholesterol is a major lipid class of mammalian plasma membranes in general,' and arterial smooth muscle in particular,2 where it is thought to participate in the regulation of the physical state or "fluidity" of the
F ree (unesterified) cholesterol is a major lipid class of mammalian plasma membranes in general,' and arterial smooth muscle in particular,2 where it is thought to participate in the regulation of the physical state or "fluidity" of the ogy of arterial smooth muscle in atherosclerosis. For example, aortic cells from atherosclerotic arteries are enriched with unesterified cholesterol,15 and many atherogenic processes are calcium dependent, raising the question of whether atherosclerosis may be the consequence of, or facilitated by, altered transmembrane calcium movements. Thus, excess calcium uptake could directly contribute to atherogenesis. Taken together with the observations that calcium antagonists retard atherogenesis1617 as well as block cholesterol-induced 45calcium entry,10 excess membrane cholesterol may be an important mediator in the development of atherosclerosis. In addition, since vascular smooth muscle contraction is largely dependent on increases in cellular calcium, pathological increases in calcium influx and/or cytosolic calcium levels could also result in inappropriate vascular reactivity. The increased sensitivity of arterial tissue to vasoconstrictor agents after chronic high cholesterol diets18"19 or acute cholesterol exposure10'11 has been reported previously, and cholesterol-induced hyperreactivity is mediated by calcium influx10"11 through receptor-operated calcium channels that are themselves altered by excess membrane cholesterol. 10 Although the causative role of calcium in atherogenesis has not yet clearly been established, the above observations indicate that cholesterol enrichment augments calcium uptake by arterial smooth muscle. The present study was undertaken to determine whether an increase in the cholesterol content, as an isolated and independent variable, of arterial smooth muscle results in increased cholesterol content of the SMC plasma membrane, whether this enrichment increases calcium influx, efflux, and/or cell calcium content, and the degree to which this enrichment alters membrane lipid dynamics. Materials 
Isolation and Culture of Smooth Muscle Cells
The entire thoracic aorta was aseptically removed from male New Zealand rabbits immediately after death by sodium pentobarbital. The vessel was transferred to warm (37°C), oxygenated (100%02) PSS at pH 7.3, and adhering tissue and fat were carefully dissected away. The PSS contained (mM) HEPES 2.5, sodium HEPES 2.5, NaCl 140, KCl 4.5, MgSO4 1.0, CaCI2 1.5, glucose 10.0, and EDTA 0.03. SMCs were isolated as described previously by Campbell et al.20 Briefly, the intimal and adventitial layers were stripped away in Dulbecco's modified Eagle's medium (DMEM) buffered to pH 7.4 with 24 mM NaHCO3. Medial smooth muscle strips were minced and incubated for 1-2 hours in DMEM containing 375 units/ml collagenase, 0.425 units/ml elastase, and 0.12% soybean trypsin inhibitor (1 mg inhibits 2.5 mg trypsin). This procedure yielded dispersed cells, which were then washed in minimal essential medium (MEM) containing 15% FBS and pelleted (7 minutes at 350g). Cells isolated by this method demonstrated high viability (>95%) as determined by trypan blue exclusion. The cells were incubated in MEM containing 15% FBS for 4-5 days and subsequently maintained in MEM containing 10% FBS. All experiments were performed using early passage cells (passages 3-5) grown to confluence in 35-mm Petri dishes. Cells buffered with bicarbonate were incubated under a 95% air-5% CO2 atmosphere; cells exposed to PSS were incubated in air. All tissue culture solutions contained 50 units/ml penicillin, 50 ugg/ml streptomycin, and 50 gg/ml gentamicin.
Cholesterol Enrichment
SMCs were incubated for 18-24 hours in media with or without FC/PL liposomes. Multilamellar liposomes were prepared as previously described.10 This procedure yielded cholesterol-rich liposomes with a FC/PL molar ratio of approximately 2: 1 as determined by gas liquid chromatography and phospholipid-phosphorus colorimetry before experimentation. Cholesterol-rich medium was prepared by combining liposomes (500 ,ug cholesterol/ml), human low density lipoprotein (LDL, 50 ,ug The concentration of free cytosolic calcium in SMCs was determined using the fluorescent calcium indicator fura 2. After cholesterol enrichment, fura 2 was loaded into suspended SMCs by incubation in 2 1LM fura 2-AM in HEPES-PSS supplemented with 0.1% BSA. Cells were then centrifuged and reincubated with HEPES-PSS-BSA without fura 2-AM (20 minutes) to allow complete hydrolysis of entrapped ester. Aliquots of cells (2 ml, 106 cells/ml) were then placed in a cuvette, incubated at 37°C (5 minutes), and assayed for fluorescence in a spectrofluorometer (SPEX Cation Measurement System, SPEX Industries Inc., Edison, N.J.). Each sample was excited alternatively at 340 and 380 nm, and fluorescence was monitored at 505 nm. Fluorescence intensity was measured for each excitation wavelength, and the ratio (R) of the 340/380 emission signal was calculated for steady-state fluorescence. At the end of the measurement, the cells were permeabilized with ionomycin (1 mM) for maximum fluorescence (Rma,) followed by the addition of EGTA (2 mM) for minimum fluorescence (R,,fi) and used to calculate intracellular cytosolic Ca21 levels in the various experiments, using the following equation24:
where the dissociation constant (Kd) is 224 nmol for Ca2' binding to fura 2 at 37°C, F2 is the 380 emission intensity in the presence of EGTA, and B2 is the 380 emission intensity in the presence of ionomycin.
Preparation of Microsomes
Microsomal membranes were isolated as previously described.25 Cells were removed with a rubber policeman and pelleted at 700g for 10 7.4 (as were all subsequent pellets), and the supernatant was centrifuged at 9,750g for 10 minutes. The resulting mitochondrial/ lysosomal pellet was resuspended, and the supernatant was centrifuged at 110,OOOg for 30 minutes. The resulting microsomal pellet was resuspended after removal of the postmicrosomal supernatant (soluble fraction). All fractions were frozen for chemical and enzymatic analysis at a later time, with the exception of cytochrome c oxidase activity, which was measured on the day of cell fractionation (see "Analytical Determinations").
The following markers for the various subcellular fractions were assayed according to the method of the indicated references: alkaline phosphodiesterase (plasma membrane),26 cytochrome c oxidase (mitochondria),27 8-N-acetylglucosaminidase (lysosomes),25 and DNA (nuclei).28 Protein (soluble fraction), cholesterol (plasma membrane), and phospholipid (total membrane) masses were determined as described below.
Fluorescence Polarization
Preparation of the lipid soluble fluorescence probe 1,6-diphenyl-1,3,5-hexatriene (DPH) and fluorescence polarization studies were performed as previously described.29 At the time of study, 2 ,M DPH in tetrahydrofuran was dispersed in phosphate buffered saline that contained (mM) NaCl 145, KCI 4.0, NaH2PO4 5.0, and Na2HPO2 5.0; pH was adjusted to 7.2 with NaOH. This dispersion was stirred vigorously until no odor of tetrahydrofuran could be detected (2-3 hours). Arterial SMC membrane protein (100 gg) was then added to 3 ml DPH suspension and incubated for 30 minutes at 37°C.
For these experiments, estimates of relative membrane fluidity were calculated after fluorescence polarization measurements using a recording spectrofluorophotometer (model RF-540, Shimadzu Scientific Instruments, Columbia, Md.) fitted with a thermoregulated sample chamber and automatic polarizing filters (C.N. Wood Manufacturing, Newtown, Pa.). The term "fluidity" is used to describe the motional freedom of lipid soluble molecular probes (i.e., DPH), within a membrane bilayer, subject to limitations discussed in previous publications.29 '30 Determination of absolute fluidity is limited in an anisotropic membrane because of the inability to accurately reproduce the three-dimensional structure of the hydrophobic bilayer. Therefore, the steady-state fluorescence anisotropy (rf, reciprocal of fluidity) is used to estimate relative degrees of fluidity, after probe incorporation into the membrane bilayer. Values for rf were calculated from fluorescence polarization measurements using the Perrin equation31:
where I1 and I equal fluorescence intensities parallel and perpendicular, respectively, to the excitation plane (excitation wavelength=365 nm; emission wavelength=430 nm). In preliminary studies, the sum of the contributions of scattered light (membranes+buffer-probe) and fluorescence of the ambient medium (after pelleting membranes) to the total fluorescence intensity was found to be <5% of the total fluorescence intensity throughout the temperature range used in these studies. Arrhenius plots of membrane fluidity (log rf versus [1/temperature ('K)] x 103) were constructed to provide information regarding apparent thermotropic transitions (i.e., liquid-crystal to gel) of the membrane lipid.
Analytical Determinations
Parallel dishes of SMCs were analyzed for free cholesterol, phospholipid, and protein content. Before lipid analyses, cells were incubated for 2 hours in 0.5% BSA after exposure to control or cholesterolrich media to solubilize surface bound LDL and liposomes. The cultures were then rinsed two times with warm (37°C) PSS. Cellular lipids were extracted with isopropyl alcohol, which was evaporated to dryness under a nitrogen atmosphere. Free cholesterol and total cholesterol (esterified and free) were quantitated by gas liquid chromatography using coprostanol as an internal standard, and phospholipid mass was assessed using a phospholipid phosphorus assay as previously described.10 Cellular protein was extracted by incubation with 1 ml sodium dodecyl sulfate (1 mg/ml) and assayed using the method of Figure 4 .
Effect of Cholesterol on Cytosolic Calcium Levels
To determine the effects of cholesterol enrichment on cytosolic calcium levels, several experiments were performed using the calcium indicator fura 2. After overnight exposure to the cholesterol enrichment medium, an increase in cellular free calcium levels was observed, averaging 33.8+4.9% (p<0.01, n=7), as illustrated for a representative set of experiments in Figure 5 . 45Ca2' influx and cholesterol content were determined after initial enrichment and again after 4 days in the reversal medium. Figure 6A shows a significant reduction in cholesterol content after 4 days on reversal medium. The initial cholesterol-induced increase in 45Ca2' influx was also reduced significantly after exposure to reversal medium, such that there was no significant difference from control after 4 days ( Figure 6B ). Protein content after the 4-day reversal was not dif- Effect of Calcium Channel Blockers on Cholesterol-Induced Calcium Influx The effects of various calcium channel blockers on unstimulated calcium influx in control and cholesterolenriched cells were tested. Thirty-minute preincubation with the benzothiazepine, diltiazem (1.0 ,uM), abolished the cholesterol-induced increase in calcium influx back to control levels (53% reduction, p<0.01) (Figure 7) . Likewise, the arylalkylamine, verapamil (1.0 ,uM), as well as the dihydropyridine, nifedipine (0.1 ,uM), antagonized the cholesterol-induced increase in calcium influx by 29% (p<0.05) and 40% (p<0.01), respectively. There was no effect of any of these agents on unstimulated calcium influx in control cells.
Effects of Cholesterol on Membrane Fluidity
Estimates of membrane fluidity were derived from steady-state fluorescence polarization studies using the fluorescent probe DPH. Figure 8 . Cholesterol enrichment decreased membrane fluidity at all temperatures measured between 40°C and 25°C, with no apparent phase transition or change in the physical state of the membrane.
Discussion
The object of this study was to characterize the effects of cholesterol enrichment on membrane cholesterol content and transmembrane calcium movements in cultured arterial smooth muscle cells. We found that cholesterol enrichment of the plasma membrane increased unstimulated calcium influx, efflux, and cytosolic calcium levels. Furthermore, the effect of cholesterol enrichment on calcium uptake could be abolished by calcium channel blockers and was shown to be reversible after 4 Table 2 .
Many investigators have demonstrated that cholesterol incorporation into cell membranes alters the physical state of the phospholipid bilayer, an alteration that can affect function of integral membrane proteins and cellular function as well. An increase in the FC/PL molar ratio has been correlated with decreased adenylate cyclase,6 Na+,K+-ATPase,4 and alkaline phosphatase3 activities. Increased platelet aggregation35 and altered arterial smooth muscle contractile function10"139 were also observed after cholesterol exposure. In our studies, cholesterol enrichment of smooth muscle cell membranes was associated with a significant increase in the unstimulated calcium influx rate (Figure 1) . Similar elevations in unstimulated calcium influx have been reported after perfusion with cholesterol-rich liposomes in intact carotid arterial segments10 and red blood cells.14 These data suggest that cholesterol enrichment of the plasma membrane alters the lipid bilayer and affects calcium channel proteins. Accordingly, cholesterol-induced alterations in the SMC plasma membrane may change the conformation or position of calcium channel proteins in the bilayer,10 thereby exposing or activating previously silent ion channels. Diltiazem, verapamil, and nifedipine all reduced unstimulated calcium influx in cholesterolenriched SMCs back to control levels, but they had no effect on unstimulated Ca`+ influx in control cells (Figure 7 ). This finding confirms a previous report from this laboratory that the cholesterol-induced increase in unstimulated calcium influx in intact carotid arteries occurs through a dihydropyridinesensitive pathway.10 In red blood cells, Neyses et a140 have shown that the cholesterol-induced increase in calcium influx is sensitive to nitrendipine. Taken together with the well-known inability of calcium channel blockers to inhibit unstimulated calcium influx,4' this finding suggests that the unstimulated calcium "leak" pathway is not affected by cholesterol enrichment but that cholesterol enrichment resulted in the appearance of a new, or otherwise "silent," calcium channel (present, but inactive under normal conditions) with pharmacological characteristics similar to L-type channels, that is, dihydropyridine sensitivity.
Because the organic calcium channel blockers are relatively specific for voltage-operated calcium influx, the similarity in sensitivity of the cholesterol-induced calcium influx to these structurally different agents may suggest that cholesterol enrichment of the bilayer results in membrane depolarization. However, the observation that cholesterol-enriched arterial ring segments do not relax after exposure to calciumfree or diltiazem-containing buffers and that they demonstrate sensitivity to depolarizing concentration of KCI identical to that of control ring segments10 indicates that there is no preexisting tension mediated by calcium influx through a voltage-dependent pathway. Thus, it is unlikely that excess free cholesterol results in membrane depolarization, although this possibility remains to be tested directly with electrophysiological techniques.
In addition to the increased calcium influx, we also observed that cholesterol enrichment increased unstimulated cytosolic calcium levels in SMCs by -34% (p <0.01), as measured with the calcium indicator fura 2 ( Figure 5 ). Consistent with the increase in calcium influx and cytosolic calcium levels, unstimulated calcium efflux was also increased (Figures 3 and 4) in the cholesterol-enriched cells. It is reasonable to assume that, in the steady state, influx and efflux should be equal in magnitude. Thus, we suggest that calcium efflux is increased secondary to elevated calcium influx and/or cytosolic calcium levels. However, we cannot rule out the possibility that cholesterol enrichment directly affected calcium efflux by altering either Na+-Ca`s exchange or Ca-ATPase activity, as has been suggested in isolated cardiac sarcolemmal membranes after cholesterol enrichment.4243
In support of our observation of increased cytosolic calcium content with cholesterol enrichment, vasoconstrictor sensitivity to norepinephrine has been shown to be increased severalfold in cholesterol-enriched rabbit femoral artery'1 and carotid arterial segments.10 In addition, we12 recently reported that basal and norepinephrine-activated 86Rb+ efflux through K' channels is also significantly elevated in cholesterol-enriched arterial tissue and cultured aortic SMCs. In the latter study, the cholesterol-induced increase in K' efflux under both basal and norepinephrine stimulation was also reversed by diltiazem, again consistent with the finding that calcium influx and cytosolic calcium levels are increased by excess membrane cholesterol.
Cellular cholesterol enrichment was reversed after exposure to medium containing 10% serum (no liposomes) for 4 days ( Figure 6A) , as was the cholesterol-induced effect on calcium influx ( Figure 6B ). In their studies of cardiac sarcolemma, Ortega and Mas-Oliva43 also demonstrated a reversible inhibi-tion of the Ca'+-ATPase, as did others,44 when excess cholesterol was removed. The reversibility of SMC cholesterol enrichment is consistent with the belief that cells tightly regulate the free cholesterol content of the plasma membrane through a variety of complex and poorly understood mechanisms.5 Further, this observation suggests that, in the absence of a high cholesterol environment, SMCs can rectify an experimentally induced elevation in membrane cholesterol content.
The positive correlation between membrane cholesterol content and calcium influx ( Figure 2 ) and efflux ( Figure 4) 44 These investigators suggested that the structure of the membrane is designed to exclude cholesterol from the phospholipid anulus surrounding integral membrane proteins to avoid inhibition of protein function by this membrane sterol. Cholesterol could also alter protein-protein interactions. In this regard, excess membrane cholesterol has been shown to stimulate Na+-Ca'+ exchange42 and inhibit unstimulated42 and calmodulin-activated Ca2-ATPase in isolated cardiac sarcolemma. 43 A cholesterol-induced alteration in the physical state (fluidity) of the bilayer is another possible mechanism for cholesterol-mediated alterations in membrane protein function. Lipid fluidity describes the motional freedom of lipid molecules or lipid soluble probes within a membrane bilayer. Since determination of absolute fluidity is limited in anisotropic structures like cell membranes, fluorescence polarization measurements estimate relative degrees of fluidity after incorporation of fluorescent probes such as DPH into the bilayer.314647 Cholesterol is thought to condense and rigidify the plasma membrane by restricting the random motion and mean cross-sectional area occupied by the neighboring phospholipid acyl chains.48,49 After enrichment of SMC membranes with cholesterol, fluorescence anisotropy was increased, and membrane fluidity decreased at all temperatures measured (Table 3 and Figure 8 ). This decreased membrane fluidity was associated with an increased membrane FC/PL ratio, as was shown in platelets,35 rat intestinal microvillus membranes,3,4 liver surface membranes,50 and quail erythrocytes.7 Taken together, these and our results are consistent with the hypothesis that arterial SMC calcium permeability is sensitive to changes in the lipid dynamics of the plasma membrane bilayer. We suggest, therefore, that cholesterol-induced alterations in the lipid microenvironment, and consequently membrane fluidity, perturb the plasma membrane, resulting in the appearance of new or otherwise silent cholesterol-induced calcium channels in SMCs.
In conclusion, we have demonstrated that acquisition of excess membrane cholesterol increases transmembrane calcium movements and cytosolic calcium levels, which were temporally associated with changes in membrane fluidity in arterial smooth muscle cells. These cholesterol-induced alterations in calcium handling by SMCs are significant in view of the fact that elevated serum cholesterol levels have long been associated with atherogenesis and many atherogenic processes are calcium dependent.5' In addition, a functional consequence of cholesterol enrichment in SMCs is increased contractile responses.104' Strickberger et a152 recently reported indirect evidence that smooth muscle calcium levels are elevated in atherosclerotic rabbit arteries after a high cholesterol diet. The functional significance is elevated contraction during a-adrenergic stimulation. Hyperreactivity of arterial tissue to norepinephrine after a hypercholesterolemic diet has been reported in dogs19 and monkeys.18 It is also of interest to correlate the reversibility of the cholesterol effect on SMC calcium movements with the reversibility of hypercontractility associated with the return to normal diet and reduced serum cholesterol levels in atherosclerotic monkeys53 and pigS. 54 We present the hypothesis, based on work from this laboratory,'0-12 that cholesterol enrichment alters lipid dynamics in the arterial smooth muscle plasma membrane and results in the appearance of a new, or an unmasking of an otherwise silent, dihydropyridine-sensitive calcium channel. This alteration in the SMC phospholipid bilayer may represent an early smooth muscle cell defect important in the development of atherosclerosis and could explain the ability of calcium channel blockers to retard atherogenesis. 16 Our studies can also provide an underlying explanation for the hyperreactivity of vascular tissue in hypercholesterolemia.
